The future impacts of climate change are predicted to significantly affect the survival of many species. Recent studies indicate that even species that are relatively mobile and/or have large geographic ranges may be at risk of range contractions or extinction. An ecologically and evolutionary significant group of mammals that has been largely overlooked in this research is Australia's large marsupial herbivores, the macropodids (kangaroos). The aims of our investigation were to define and compare the climatic conditions that influence the current distributions of four sympatric large macropodids in northern Australia (Macropus antilopinus, Macropus robustus, Macropus giganteus, and Macropus rufus) and to predict the potential future impact of climate change on these species. Our results suggest that contemporary distributions of these large macropodids are associated with well-defined climatic gradients (tropical and temperate conditions) and that climatic seasonality is also important. Bioclimatic modeling predicted an average reduction in northern Australian macropodid distributions of in response to increases of 2.0ЊC. At this tem-48% ‫ע‬ 16.4% perature, the distribution of M. antilopinus was reduced by . We predict that increases of 6.0ЊC may cause 89% ‫ע‬ 0.4% severe range reductions for all four macropodids (96% ‫ע‬ ) in northern Australia, and this range reduction may result 2.1% in the extinction of M. antilopinus.
Introduction
The effects of increasing global temperature loom as possibly the largest single threat to the survival of species (Hughes 2003; Parmesan and Yohe 2003; Williams et al. 2003; Meyneeke 2004; Thomas et al. 2004 Thomas et al. , 2006 Walther et al. 2005) . Such climate change also has the potential to undermine conservation efforts (e.g., habitat reserves; Thuiller et al. 2006 ) by causing considerable structural change to existing habitats (Hughes et al. 1996; Hilbert et al. 2001; Root et al. 2003; Andrew and Hughes 2005) and by influencing the frequency and nature of key processes such as fire (Hughes 2003; Schumacher et al. 2006) . It is crucial from a management perspective, therefore, that we have detailed information about the relationship between climate and the current distributions of species. This information may provide insight into how potential future variations in climate may affect the distribution and therefore survival of species.
Research into the impacts of global warming have focused considerable attention on species that are altitudinally restricted and/or have small geographic ranges (Williams et al. 2003; Shoo et al. 2005a ), but there is growing recognition that species with wide geographic distributions may also be susceptible to the impacts of global warming (Forchhammer et al. 2001; Walther et al. 2002; Ogutu and Owen-Smith 2003) . Large herbivores are one group predicted to be at significant risk from climate change. Through grazing, these mammals significantly influence the structure and function of many of the world's terrestrial ecosystems (Walther et al. 2005; Thuiller et al. 2006) , and they are also highly valued both economically and culturally (Gordon et al. 2004) . Therefore, the effective management of herbivore populations is of the utmost importance. One notable group of large herbivores that has been overlooked in climatechange research is Australia's large marsupials, the macropodids (family Macropodidae; Strahan 1995) , recognized globally as the iconic kangaroos. Many of the large macropodids (which include both kangaroos and wallaroos) occur extensively within Australia's savannas, which themselves have recently been identified as being of global significance because of their large size, high endemicity, and relative ecological integrity ) as compared to the savannas of other continents (Woinarski et al. 2007) . However, there is growing concern that this region and its unique biota, which occupies approximately one-quarter of mainland Australia (∼2,000,000 km 2 ), are currently under threat from the intensification of the pastoralism industry and associated changes to fire regimes (Woinarski et al. 2001; Woinarski and Ash 2002) . A broad range of taxonomic groups and guilds are experiencing population declines (Franklin 1999; Woinarski et al. 2001) , including the endemic antilopine wallaroo Macropus antilopinus (Ritchie 2007) .
Despite the significance of Australia's savannas in conserving global biodiversity, there remains little detailed ecological information for the majority of species that occur there, including information on their relationships with climate. This is a major concern because most of this region's land is dedicated to pas-toralism and livestock production, and rapid expansion of this industry is currently occurring . This is a trend that is likely to continue as a result of the prolonged drought occurring in southern Australia, possibly caused by long-term climate change. The drought has resulted in decreased agricultural production and calls for northern Australia to be further developed to compensate. Large macropodids are highly valuable economically, through both ecotourism and a commercial meat trade, and many species are an important traditional food source for indigenous people as well as holding strong cultural significance (Yibarbuk et al. 2001; Gordon et al. 2004) . Therefore, it is critically important that we understand the ecology of Australia's native herbivores to ensure that any further economic development(s) will occur in an environmentally sustainable way.
Large macropodids comprise six species of herbivorous marsupials weighing between 20 and 90 kg (Dawson 1995) . With the exception of the black wallaroo (Macropus bernardus), the large macropodids all have extensive geographic ranges (e.g., red kangaroo [Macropus rufus], 13,000,000 km 2 ; Strahan 1995). The four largest macropodids can be roughly characterized as follows: the red kangaroo is an arid-zone species; the four subspecies of the common wallaroo (Macropus robustus) range from arid to mesic areas; the antilopine wallaroo is a tropical mesic species; and the eastern grey kangaroo (Macropus giganteus) is a largely mesic species, but it does extend into drier parts of southeastern Australia (Strahan 1995) . The antilopine wallaroo is the largest macropodid confined solely to the tropical savannas of far northern Australia. This species may be more vulnerable to a changing climate than the other large macropodids because of its relatively restricted range (Busby 1988) . This species also exhibits highly seasonal reproduction, strongly linked to rainfall in the monsoon season, which may further increase its vulnerability (Ritchie 2007) . Caughley et al.'s (1987) classic study of kangaroos and climate contributed greatly to our understanding of large mammalian distributions, but it excluded information on the common and antilopine wallaroos. This precludes a synthesis of knowledge concerning the effects of climate on large macropodids and, more broadly, large mammalian herbivores in general.
There is marked variation in the behavioral, morphological, and physiological adaptations among macropodid species (Dawson 1995; Dawson et al. 2000a ). The red kangaroo, being arid adapted, has the ability to produce concentrated urine, reducing its reliance on free water (Dawson et al. 1975; Blaney et al. 2000) , and it has been found to drink with less regularity than other macropodids (Dawson 1995) . This species has a short reflective coat that helps to reduce heating of the body due to solar radiation. The red kangaroo also has a lower field metabolic rate and a more labile daytime body temperature than the more mesic eastern grey kangaroo (McCarron et al. 2001 ). The common wallaroo, which occurs in both mesic and arid areas, differs from the other large macropodids in how it regulates its body temperature and controls water loss in hot conditions. In contrast to other species, particularly the eastern grey kangaroo and antilopine wallaroo, which rely heavily on evaporative cooling through licking, the common wallaroo seeks cool shelter sites (microclimates), such as rocky ledges and caves, in the hottest part of the day (Dawson and Denny 1969; Dawson 1995) . Evaporative cooling increases water loss and therefore entails a higher dependence on water availability, which has been found in both the eastern grey kangaroo and antilopine wallaroo (Blaney et al. 2000; Ritchie et al. 2008) . When available, eastern grey kangaroos will seek dense shade on hot days to assist their temperature regulation and reduce water loss (McCarron 1990) . The physiology of the antilopine wallaroo is least known of the larger species. However, this species does have one unique morphological adaptation, a large nasal cavity that appears externally as a swollen rostrum, which likely enhances evaporative cooling (through panting) in humid conditions in the tropics (Dawson 1995; Ritchie et al. 2008) .
With these differences in adaptations between macropodid species, we predict that the four species in our study may differ with respect to the components of climate that shape their distribution patterns and, likewise, their respective susceptibility to the patterns of climate change predicted for Australia (Hughes 2003) . Here, we present a detailed examination of the bioclimatic distributions of these four species in northern Australia. Our aims were to determine and compare the climatic envelopes of each macropodid species and the climatic variables that may be responsible for maintaining species' distributions and range borders, and to predict the likely impact of climate change (warming) on these species' future distributions in northern Australia. We predict that the antilopine wallaroo will be most susceptible to future climate change because of its smaller geographic range, adaptation to tropical (warm and wet) rather than arid (hot and dry) or mesic (cool and wet) conditions, and its dependence on seasonal rainfall for reproduction. In contrast, we predict that the other three species will be less vulnerable to climate change. The red kangaroo and common wallaroo are better adapted to sustain hotter climates on average than the antilopine wallaroo, and the eastern grey kangaroo may be somewhat buffered by the effects of increasing temperature because of its predominant occurrence in the cooler eastern seaboard of Australia. However, finally, with large increases in temperature, we predict that all species will show reductions in their distributions in northern Australia.
Material and Methods

Study Region and Locality Data
The climate of northern Australia is characterized by pronounced rainfall seasonality ) but, in comparison with temperate regions, little temperature variation between seasons. There is minor longitudinal change in the vegetation communities and topography across this vast biome ; however, there is a pronounced coastalcontinental gradient of decreasing rainfall from the northern coast inland.
We restricted our modeling of macropodid distributions to between 11ЊS and 30ЊS latitude ("northern Australia"; Fig. 1 ), encompassing the complete geographic range of the antilopine wallaroo and approximately 50% of that of the eastern grey kangaroo, 66% of that of the red kangaroo, and 80% of that of the common wallaroo (based on Strahan 1995). This restriction was made because there is a significant change in climate regime below 30ЊS, from seasonal summer rainfall to less seasonal winter-dominated rainfall (http://www.bom.gov .au). Confining our study area to northern Australia reduced the complication of trying to incorporate differences in predictions for climate change across multiple regions of Australia in our models (see Hughes 2003) . Although this meant we did not capture the maximum information on climatic conditions experienced by common wallaroos, red kangaroos, and eastern grey kangaroos, we are most interested in the effects of warming, and therefore in Australia, the southern limits of these species are less important than the northern limits. Further, this methodological restraint is likely to apply only to the eastern grey kangaroo since conditions experienced by this species south of our defined study region are cooler and wetter. In contrast, the semiarid to arid conditions experienced by the common wallaroo and red kangaroo vary considerably less outside our study area. We collected locality data for all species during extensive field-based surveys between 2002 and 2005. Additional records were obtained from other sources (see "Acknowledgments"). We then assessed the reliability of all records with reference to current known distributions and according to our own and expert knowledge of each species; dubious records were excluded from the final data set. We further removed any multiple records less than 2.5 km apart to reduce spatial autocorrelation. A total of 3,514 records were included in the analysis, as follows: antilopine wallaroo, 1,102 records; common wallaroo, 913 records; eastern grey kangaroo, 1,233 records; and red kangaroo, 266 records.
Bioclimatic Parameter Selection and Modeling
The choice of bioclimatic variables for models and maps produced in BIOCLIM (Houlder et al. 2000) can have significant effects on the final output of predicted distributions, particularly for single species (Beaumont et al. 2005) . We investigated the influence that the addition and subtraction of variables had on each macropodid species' modeled distribution before selecting the final set of variables. To avoid problems of overfitting of our models, we chose to include 11 variables in BIOCLIM (Hutchinson et al. 1984; Busby 1991) : annual mean temperature, maximum temperature of warmest period, minimum temperature of coldest period, annual temperature range, mean temperature of wettest quarter, mean temperature of driest quarter, annual precipitation, precipitation of wettest period, precipitation seasonality (coefficient of variation), precipitation of wettest quarter, and precipitation of driest quarter. We chose these variables because they are judged to be significant in influencing the distributions of large macropodids and have also been used in a previous study of kangaroos and climate (Caughley et al. 1987) . Precipitation of the driest period was not included as a variable because for all species and for the majority of sites, a zero value was recorded. We modeled and mapped distributions for each species under current and future climatic conditions using the BIOCLIM script for ArcView 3.1 (A. Moussalli; available as a free download from http://www.esri.com). We generated maps using a 12-s digital elevation model, with output restricted to core distribution (5%-95% of the spread of values for all 11 climatic variables) and marginal distribution (2.5%-97.5%). Since the accuracy of BIOCLIM for distribution modeling has recently been questioned (Araujo and Rahbek 2006; Elith et al. 2006) , we examined the maps of current distribution for the four species carefully and compared these with their known distributions, which included extensive ground-truthing across northern Australia (∼150,000 km of survey). In all cases, the generated maps corresponded closely with the known distributions of the four species. It is worth noting that BIOCLIM, by its nature, produces models that are overestimates of the current distributions. The models do not factor in other important variables such as soil type, vegetation, and topography, which further constrain species' distributions. Our models of changes to distributions under climate change are therefore likely to be conservative. For more detailed information on bioclimatic modeling, see a study by Nix (1986) .
Climate-Change Scenarios
Australia's size and associated high diversity of bioregions makes it difficult to obtain consensus about the likely nature and extent of climate change expected in the next 100 yr (Hughes 2003) . However, for the majority of mainland Australia, it is generally accepted that temperatures will increase by 0.4Њ-2ЊC by 2030 and by 1Њ-6ЊC by 2070 (Hughes 2003) . Rainfall predictions are much more variable and dependent on the models used to generate them, with predictions for northern Australia ranging from Ϫ5% to ϩ5% mean annual rainfall by 2030 and from Ϫ10% to ϩ10% mean annual rainfall by 2070 (Hughes 2003) . To account for this variability, we generated models of species distributions for all four macropodid species under the following climate-change scenario combinations: ϩ0.4ЊC mean annual temperature with each of Ϫ5%, ϩ5%, Ϫ10%, and ϩ10% mean annual rainfall; ϩ2ЊC mean annual temperature with each of Ϫ5%, ϩ5%, Ϫ10%, and ϩ10% mean annual rainfall; and ϩ6ЊC mean annual temperature with each of Ϫ5%, ϩ5%, Ϫ10%, and ϩ10% mean annual rainfall. To assess the impact of climate change on each species' future range, we compared the amount of northern Australian core area after the application of each climatic scenario.
Analysis
Using all chosen climate variables, we generated summary bioclimatic envelopes for each species. We reduced these variables into two climatic gradients (component axes) using principal components analysis (PCA) and tested for differences in these gradients between species using ANOVA. We rotated the axes (varimax) to assist in interpretation and used factor loadings greater than 0.6 to describe each axis, as recommended by Quinn and Keough (2002) . Changes in distributions were described as percentages of current distributions. All statistical analyses were performed in JMP 4.0 and Statistica 6.0. 
Results
Current Distributions of Large Macropodids in Northern Australia
The climatic envelopes of each species are summarized in Table  1 . The red kangaroo occurs in areas with higher maximum temperatures, higher temperature ranges, and lower annual precipitation than the other species. The common wallaroo has the broadest climatic envelope of all the species, differing from the red kangaroo in that it occurs in areas with less temperature variation and an average of twice the annual rainfall. The eastern grey kangaroo occurs in areas typically lower in temperature but with less seasonal rainfall than the other species; it also occurs in wetter areas than red kangaroos and common wallaroos but drier areas than antilopine wallaroos. The antilopine wallaroo occurs in areas of higher mean temperature but lower temperature variation and areas of higher, more seasonal rainfall than the other species.
PCA summarized the climate experienced by all four species into two environmental gradients (principal component axes; Table 2 ). Principal component 1 (PC1) describes a gradient of lower rainfall and cooler temperatures but higher temperature variation (subtropical conditions). Principal component 2 (PC2) describes a gradient of increasing temperature and higher rainfall seasonality (tropical conditions). There was significant separation between all species along these axes using Tukey's post hoc tests (PC1: , ; antilopine wal-F p 513.14 P ! 0.0001 ). The antilopine wal-Ϫ0.91 ‫ע‬ 0.03 0.11 ‫ע‬ 0.04 laroo showed the strongest positive association with tropical conditions and the narrowest climate space (Fig. 2) . Common wallaroos showed a stronger association with tropical conditions than subtropical conditions and, eastern grey kangaroos showed the opposite trend; these two species occupied the largest climatic space. The climate space of the common wallaroo encompasses that of both the red kangaroo and the antilopine wallaroo as well as a large proportion of the climate space of the eastern grey kangaroo. The red kangaroo showed a positive association with both tropical and subtropical conditions and had the second smallest climate space, which overlapped only marginally with that of the antilopine wallaroo. The geographic boundary between red kangaroos and antilopine wallaroos is strongly associated with rainfall of the wettest quarter (Fig. 3) , with a small zone of sympatry between the two species. At this border (where there is a transition from higher to lower rainfall in the wettest period), there is a sharp change in the occurrence of antilopine wallaroos to that of red kangaroos.
The largely sympatric common wallaroo and red kangaroo have greater core and marginal bioclimatic distributions in northern Australia than the antilopine wallaroo and eastern grey kangaroo (Fig. 4) . Both the common wallaroo and the red kangaroo are distributed predominantly in the drier interior of Australia, except that the core range of the common wallaroo extends further north than does that of the red kangaroo (left to right in Fig. 1 , the Kimberley region of Western Australia, the top end of the Northern Territory, and the Cape York region of Queensland). The common wallaroo is sympatric in large parts of its range with the antilopine wallaroo. The core distribution of the antilopine wallaroo is confined to the far northern regions of Australia; a gap in its range occurs between Queensland and the Northern Territory. In northern Australia, the core distribution of the eastern grey kangaroo is largely confined to eastern Queensland but extends into northern Queensland, where the eastern grey kangaroo is sympatric with the antilopine wallaroo and common wallaroo. 
Changes to Species' Distributions under Climate-Change Scenarios
The core distributions of all species in northern Australia decreased on average by 9% ‫)%5.4ע(‬ in response to a 0.4ЊC increase in temperature combined with either increasing or decreasing rainfall. There were three exceptions to this trend (ϩ0.4ЊC with Ϫ10%, ϩ5%, and ϩ0% rainfall) that resulted in minor increases ( ) in the core distribution of 0.4% ‫ע‬ 0.2% eastern grey kangaroos (Fig. 5) . The core distribution of antilopine wallaroos was most reduced ( ) in response 22% ‫ע‬ 1% to an increase of 0.4 ЊC, whereas the core distribution of eastern grey kangaroos was reduced by only under the same 1% ‫ע‬ 1.3% conditions. Changes to species' distributions are graphically represented for ϩ0.4ЊC, ϩ2.0ЊC, and ϩ6.0ЊC with ϩ5% rainfall (Fig. 6) . With an increase of 2.0ЊC and variation in rainfall, the northern Australian core distributions of all species were greatly reduced, averaging across all species. Again, the 48% ‫ע‬ 16.4% core range of antilopine wallaroos was the most reduced of the four species ( ), and suitable climatic conditions 89% ‫ע‬ 0.4% for this species disappear entirely in the Northern Territory and Western Australia, as do those for common wallaroos. Under the same scenarios, red kangaroos contract south, whereas eastern grey kangaroos again show less change relative to the other species. When temperatures increase by 6.0ЊC, there are drastic reductions in the northern Australian core distributions of all species, averaging , and no suitable climatic con-96% ‫ע‬ 2.1% ditions remain for the antilopine wallaroo. The distributions of the remaining three species contract to the south and become increasingly patchy.
Discussion
Our results indicate that the distribution of large macropodids in northern Australia is strongly associated with two principal, well-defined climatic gradients (tropical and subtropical). It also appears that climatic seasonality (rainfall variation) may be an important factor controlling distributional limits, particularly that between the antilopine wallaroo and the red kangaroo. Our findings provide a good example of the ways in which climate influences the local and regional assemblages of large herbivores. In addition, we have highlighted the strong differences in sensitivity to changes in climate among a closely related group of taxa, all of which have large, overlapping current distributions. Future variations in climatic gradients that govern the distributions of macropodids have the potential to result in significant distributional changes for our study species. The distributions of macropodids in northern Australia appear to be particularly sensitive to predicted climatic change, with an increase of as little as 0.4ЊC resulting in range contractions. With increases of 2.0ЊC or more, the core distributions of all four species in northern Australia were severely reduced. As we predicted, the antilopine wallaroo appears to be the most vulnerable of the four species. We highlight the finding that all currently suitable climatic habitat of this species disappears with temperature increases in or above the range of 2Њ-6ЊC, which is widely considered to be a fait accompli by 2070. Indeed, it is also of conservation significance that under these same conditions, the distribution of the Barrow Island wallaroo (Macropus robustus isabellinus), a unique subspecies of the common wallaroo, would also disappear. Our results demonstrate that large macropodids, despite being highly mobile and having relatively large distributions, are at significant potential risk of severe range contraction and/or possible extinction as a result of future climate change. This finding is echoed in studies of other large mammals (Ogutu and Owen-Smith 2003; Weladji and Holand 2003; Callaghan et al. 2004; Derocher et al. 2004) .
Rainfall Seasonality and Reproduction
Macropodids have evolved a diverse array of adaptations that allow them to occupy a vast range of climates and habitats in Australia (Dawson and Denny 1969; Dawson 1995; Dawson et al. 2000a Dawson et al. , 2000b . It is these adaptations and their variation among species that will presumably be crucial in determining the responses of individual species to climate change. The influence of climate on reproduction, and therefore population growth, is a critical consideration. At present, a tight distributional boundary exists between the red kangaroo and the antilopine wallaroo, the former being largely aseasonal in its reproduction (Frith and Sharman 1964) , the latter highly seasonal (Ritchie 2007) . It is often suggested that one reason why the red kangaroo is well suited to occupying arid habitats is the reproductive adaptation known as embryonic diapause (Tyndale-Biscoe and Renfree 1987; Dawson 1995) . This adaptation allows females to regulate the timing of the development of young in response to temporal variability in resource availability (caused by infrequent rain), which is characteristic of the Australian arid zone (Norbury et al. 1994; Dickman et al. 2001) . It remains unclear whether antilopine wallaroos possess this adaptation, but limited evidence suggests they do not (Poole and Merchant 1987) . The lack of embryonic diapause could explain why antilopine wallaroo breeding is highly seasonal, centered around monsoonal rains (E. G. Ritchie, unpublished data) , and why their current range does not extend further south into more arid habitats, where red kangaroos possibly have a competitive advantage in reproduction.
Water Availability under Increased Temperature
There are currently no detailed and reliable predictions for the effects of climate change on the monsoon for northern Australia, so it is not possible to model the response of species' distributions to changes in rainfall seasonality per se. However, more generalized predictions for northern Australia are for increased variability and severity of the dry season in the future (Houghton et al. 2001) , which may have at least one important ecological consequence. Permanent water holes are an important resource for many species during the extended dry season (James et al. 1999; Redfern et al. 2003) , when most rivers and streams typically dry up. An extensive comparative ecological study of three macropodid species in northern Australia by Ritchie et al. (2008) found that the antilopine wallaroo's distribution and abundance was highly dependent on the availability of standing water. In addition, reproduction in both the antilopine wallaroo and the Barrow Island wallaroo is thought to be dependent on seasonal rainfall (Russell and Richardson 1971; Ritchie 2007) . In contrast, the sympatric common wallaroo and red kangaroo are both well adapted to cope with reduced water availability because of behavioral and physio- Figure 5 . Percentage of core bioclimatic distribution remaining for large macropodids in northern Australia under modeled climate-change scenarios. All temperatures represent increases from current conditions, and minus or plus signs after temperatures indicate increased or decreased annual rainfall. logical adaptations mentioned above (see "Introduction"). If dry seasons are to become hotter and rainfall events more unpredictable, habitats may become depleted of available pasture for grazing, and water holes may dry up through increased rates of evapotranspiration. This may result in starvation and failed reproduction, and animals may have to move larger distances to find water or, for those species that are less mobile, may die from dehydration. A recent model simulation by Saltz et al. (2006) demonstrated that scenarios of increased variation of rainfall predict marked changes in population size-and in some cases, increased extinction probability-for the Asiatic wild ass (Equus hemionus).
Distributional Limits and Climate: Ecological Considerations
We acknowledge that our study is correlative rather than mechanistic in its nature and that the distributional shifts predicted by our models may be mitigated or amplified in ways opposite to those predicted by other factors besides climate (e.g., habitat preferences and interspecific interactions). However, if we accept the strong nexus between distribution and environment (Lawton 1995) , our results do provide evidence that climate change has the capacity to cause significant changes to the distributions of large macropodids in northern Australia. There are a number of factors to consider when assessing the impact that climate change is likely to have on a species. Indeed, the question of to what degree current habitat use underrepresents the potential full distribution of a species (realized vs. fundamental niche) is an important one. In this regard, we believe there are at least two key factors to consider: the availability of suitable habitat and population size and connectivity.
It is already evident that species that are not restricted by altitude are reacting to climate change by shifting away from the equator (Parmesan et al. 1999; Parmesan and Yohe 2003; Root et al. 2003) . Latitudinal movement may ensure the survival of some species, but for species from other regions, this may not be possible because soil types and topography (which strongly influence the composition and nutrient availability of vegetation) are unlikely to shift at the same pace as the animals that rely on them. In the case of our study, it remains uncertain whether antilopine wallaroos could shift from their preferred habitat of savanna woodland (Ritchie et al. 2008 ) to habitat currently occupied by the more arid-adapted common wallaroo and red kangaroo (arid grasslands). Thus, even if the suitable climatic environment of the antilopine wallaroo were to become available further south of its current distribution, this species' preferred habitat (savanna woodland) might not occur in the same area.
Population size and connectivity may influence the susceptibility of a species to stochastic events. Our modeling shows that macropodid distributions may contract in size, but equally importantly, they may become increasingly fragmented and isolated with increasing temperature. This is an important finding because in addition to the possible direct physiological stresses to individuals caused by a changing climate, there is the potential for smaller populations to suffer deleterious effects such as inbreeding and reduced dispersal. Recovery of small populations from such events as disease would therefore be re- Figure 6 . Future bioclimatic distributions of large macropodids in northern Australia under different climate-change scenarios. Core ranges (5%-95%) are represented in dark gray and marginal ranges (2.5%-97.5%) in light gray. AW p antilopine wallaroo, CW p common wallaroo, EGK p eastern grey kangaroo, RK p red kangaroo. Top, ϩ0.4ЊC and ϩ5% annual rainfall; middle, ϩ2.0ЊC and ϩ5% annual rainfall; bottom, ϩ6.0ЊC and ϩ5% annual rainfall.
duced. Indeed, Shoo et al. (2005b) point out that consideration of population size is just as important as distribution size when considering the potential impacts of climate change. Further, human activities have already restricted the distribution of many species to the least productive or more climatically challenging parts of their distribution and therefore may further limit their ability to respond to climate change.
Our study provides evidence that climate change has the capacity to cause large-scale range contractions and the possible extinction of one macropodid species from northern Australia. The extinction of the antilopine wallaroo would constitute a significant cultural and economic loss to indigenous people of northern Australia (Busby 1988) , a situation similar to that of the caribou and residents of the Arctic (Weladji and Holand 2003) . Our predictions regarding climate change are testable at the margins of the range of antilopine wallaroo where it is likely to be most sensitive. Monitoring in these areas will provide guidance for management. To understand how climate change is likely to affect macropodids and, more broadly, other species in finer detail, there is an urgent need for studies that determine the factors limiting species' distributions (Peterson et al. 2001; Hughes 2003; Ritchie et al. 2008) . Such information could then be incorporated into mechanistic models of species distributions (see Kearney and Porter 2004) and therefore better inform conservation managers on what action can be taken to mitigate the impacts of climate change on species' survival.
